Abstract-This paper presents design and analysis of six different configurations of Coplanar Waveguide Band Reject Filters (CPW-BRF) using Rectangular Dumbbell Electromagnetic Band Gap (RDEBG) cell structures. The performance in terms of rejection bandwidth, attenuation, cutoff characteristics of the proposed design are found superior to the earlier reported CPW-BRF. Using cascading of six RDEBG cells, rejection bandwidth has been improved up to 2.8 GHz with attenuation of −38.8 dB and filter selectivity of 26.9 dB/GHz. In addition, the radiation losses have also been analyzed by extracting equivalent R, L and C values from electromagnetic (EM) simulation results. Fabricated CPW-BRF using four RDEBG cells has been analyzed. For the fabricated CPW-BRF simulated and measured results are found in good agreement.
INTRODUCTION
Band Reject Filters (BRF) play an extremely important role in microwave and wireless applications provided by a wide variety of portable digital devices such as pocket and laptop computers, smart mobile phones, automobile navigators, and many wireless consumer devices. In this paper, BRF is designed using the Coplanar Waveguide (CPW) proposed by Wen in 1969 [1] . Compared with microstrip structures, the CPW structure is more attractive because it requires only a single metal level and offers greater design flexibility as well as ease of fabrication. The BRF can be implemented with shunt stubs or stepped-impedance lines in a microwave circuit [2] . The stepped-impedance filters are popular because they are easier to design and take comparatively less space than similar filters using stubs. However, because of the approximations involved, their electrical performance is often less than optimum. Also, the conventional design requires a larger circuit size which limits its applications, hence it is of limited use in portable RF/wireless communication systems. In 1987, Yablonovitch [3] and John [4] proposed Photonic Band Gap (PBG) cell structure (or the term Electromagnetic Band Gap (EBG) cell structures, usually preferred in the microwave community). EBG cell structures are periodic arrays of Defected Ground Structure (DGS), to prevent the propagation of electromagnetic waves in a certain frequency band. The DGS have a number of attractive features, such as simplicity in design, wider and deeper rejection band than that of a conventional filter, and easy circuit modeling [5] [6] [7] , as elaborated in [5] . The EBG structures have two main properties: slow wave propagation in passband and band-stop characteristics [8] . Slow wave propagation phenomenon in passband is used for compacting microwave structures, whereas the stopband is useful for suppressing unwanted surface waves. Because of these two properties, these structures have found many applications in microwave circuits such as filters, power amplifiers, dividers, microwave oscillator and harmonic control in microstrip antennas [8] .
The EBG based CPW-BRF with double periodicity with T-shaped capacitive load located at periodic positions with strip width modulation has been proposed in [9] . However, it required larger printed circuit board (PCB) area and hence had a limitation in microwave integrated circuit (MIC) applications. Also, a few more complex EBG structures have been proposed in [10] . A rectangular dumbbell-shaped DGS was explored for the first time by Ahn et al. and applied to design a low-pass filter on microstrip lines [5] . In [11] , a CPW-BRF designed using seven square dumbbell-shaped DGSs in cascade has been shown to give wide rejection bandwidth of 2.8 GHz, but with low filter selectivity and high radiation losses. A CPW-BRF with periodic cascading of four spiral-shaped DGSs has been presented in [12] . However, it resulted in a comparatively narrow rejection bandwidth of 0.28 GHz. In the proposed work, designs of six different configurations of CPW-BRF using RDEBG have been carried out. The comparative performance analysis of all the six designs has been done in terms of cutoff frequency at −3 dB, resonant frequency, rejection bandwidth at −20 dB, filter selectivity, etc. Based on this analysis, the optimum design of CPW-BSF has been fabricated and tested. The performance of the proposed BRF has also been compared and discussed with the earlier reported CPW-BRF.
DESIGN
The CPW of characteristic impedance Z 0 = 50 Ω has been designed at 2. Equivalent RLC model of an EBG cell [13] . Figure 2 shows the equivalent circuit model of an EBG cell, which consists of a parallel Resistor (R), Inductor (L), and Capacitor (C), elements connected in series with the transmission line, and these values can be calculated as given in Eqs. (1)-(3) [13, 14] , where, f C and f 0 imply cutoff frequency and resonant frequency, respectively. The capacitance C is due to stored charges at the gap. The inductance L comes from the additional magnetic flux flowing through the two apertures, and R is due to the radiation effect. The radiation losses are calculated using Eq. (4) [14] . It is clear from Eq. (4) that when R goes to infinity (lossless), the radiation loss due to EBG structure becomes zero.
RESULTS AND DISCUSSION
The IE3D [15] simulation results for scattering parameters of all the six configurations of proposed CPW-BRF are shown in Fig. 3 and Fig. 4 . The extracted equivalent R, L, C values are listed in Table 1 for both the resonant frequencies. In Table 1 , equivalent R 1 , L 1 , C 1 , and R 2 , L 2 , C 2 values are given respectively for the first transmission zero at resonant frequency f 01 and for the second transmission zero at resonant frequency f 02 . Table 2 gives the comparative performance analysis of six different configurations of the proposed CPW-BRF. This analysis has been carried out with respect to cutoff frequency at −3 dB (f C ), resonant frequency (f 0 ), rejection bandwidth (RBW ) at −20 dB rejection, filter selectivity, attenuation at transmission zero, sharp rate of cutoff or sharpness factor (SF ) given by Eq. (5) [16] , radiation losses (% η) and quality factor [17] which is equal to 2πf 0 RC. Filter selectivity is the rate of the roll-off of the transfer function of the filter between the passband frequency (fp) and stopband frequency (fs). The smaller the difference is between the passband and stopband frequencies, the better is the selectivity, and it can be defined as in Eq. (6) [17] .
where, ξ = filter selectivity in dB/GHz, α max = the 3 dB attenuation point, α min = attenuation at f 0 , f S = f 0 , and f C = 3 dB cutoff frequency. Widening of RBW has been observed with increase in the number of cascading RDEBG cells (from Case 4 to Case 6 ) with almost same α min . The highest filter selectivity (ξ) has been observed in Case 3 of 30.02 dB/GHz as compared to all other cases. The radiation losses (% η) have been reduced significantly from Case 2 to Case 6 compared to that in Case 1. Table 3 shows the comparative analysis of four different configurations of CPW-BRF with the spiral EBG geometry [12] and one design of that with the square EBG geometry [11] . It can be observed from Table 2 and Table 3 that CPW-BRF with the proposed four RDEBG cells (Case 4 ) provides wider RBW of 2.32 GHz, with higher α min of 38.8 dB, and lesser radiation loss of 1.78 % with the same number of spiral shaped EBG cells than that reported by Yun and Chang in 2001 [11] and Lim et al. 2002 [12] . Also, the proposed RDEBG geometry is simpler to design than that of the spiral EBG used in [12] . The RBW of 2.8 GHz has been reported in [11] using seven EBG cells of square geometry. In the present work, the same RBW has been obtained using only six RDEBG cells. Also, better filter selectivity of 16.8 dB/GHz has been obtained using only two RDEBG cells compared to 11.96 dB/GHz using seven EBG cells of square geometry [11] . As seen from Table 2 , by increasing number of RDEBG cells (from Case 3 to Case 6), higher α min with lesser radiation losses has been obtained in the proposed work than that reported by Lim et al. 2002 [12] as shown in Table 3 , with moderate SF (0.559 for Case 4 ). Hence, it becomes apparent that CPW-BRF using only four RDEBG cells (Case 4 ) shows better performance than that reported in earlier work [11, 12] . Further, as shown in Fig. 5 , Case 4 of CPW-BRF has been fabricated to achieve the best performance parameters and tested on Vector Network Analyzer. Fig. 6 shows the performance of the proposed BRF in terms of the scattering parameters. The measured and simulated results are in good agreement.
CONCLUSION
The design and analysis of six different configurations of the proposed CPW-BRF using RDEBG has been carried out in this work. Performance of all the six configurations has been assessed based on various filter characteristics, such as rejection bandwidth, attenuation level, and filter selectivity, and are compared with two earlier reported works. Specially, the overall performance of the proposed CPW-BRF using four RDEBG cells has been found better than that of earlier reported work, hence it has been fabricated. The measured results of the fabricated CPW-BRF are found in good agreement with the simulated ones. The fabricated CPW-BRF provides wider rejection bandwidth of 2.32 GHz and attenuation of more than 30 dB with lesser radiation loss than that reported by Lim et al. [12] . The rejection bandwidth of 2.8 GHz is achieved in the present work with only six RDEBG cells, which is equivalent to the reported work done using seven EBG cells of square geometry. In addition, an improvement in other performance parameters has also been observed. This CPW-BRF can be used as an alternative to the existing BRF in many microwave and wireless portable devices for wide stopband applications.
